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Abstract 
Storage capacity of carbon dioxide (CO2) in deep saline aquifers is a challenging task. However, an assessment must be 
performed to determine whether there is sufficient capacity in a storage site for any CO2 sequestration project. We 
evaluated the CO2 storage capacity for a simplified reservoir system, which the layered potential storage formations are 
overlaid by sealing cap rock. 
In this paper, we aim to investigate numerically the storage of CO2 at supercritical conditions in deep saline aquifer 
reservoirs. Numerical simulations were carried out on non-deformable saturated porous material inside a vertical 
enclosure, assumed to be impermeable and isolated on three sides. The porous medium is considered to be homogeneous 
and isotropic with constant thermo-physical properties with the exception of the density of the fluid varying according to 
Boussinesq approximations. 
A dynamic model assuming that flow is two-dimensional and obeying to Darcy's law for motion has been used. We 
assume also that the thermal equilibrium assumption is valid. The set of the conservation equations along with the 
appropriate initial and boundary conditions have been resolved numerically by the classical finite volume method [1]. 
Spatio-temporal variations of different state variables such as pressure, velocity, temperature and concentration were 
numerically simulated and plotted versus different controlling parameters particularly, thermal and solutal Rayleigh 
numbers and Lewis number. Great attention was paid to examine the sensitivity of heat and mass transfer rates according 
to the reservoir form and the operating conditions. 
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1. Introduction 
    As it is well known, the climate is changing and the average temperature of the planet is getting more and 
higher. Greenhouse gases’ concentrations are higher now than at any time. Modern human activities 
particularly the flaming of fossil and organic matter increased the atmosphere’s CO2 content. 
 The geological sequestration of supercritical CO2 in deep saline aquifers has emerged as an attractive 
technical solution to reduce greenhouse gases emissions. The sequestration efficiency depends principally on 
the low transfer rate of aquifers, the solubility of CO2 and its mineralization potential in the residual or 
structural carbonates form. The CO2 sequestration problem in deep saline aquifers has fascinated several 
researchers (see for instance, [2-4]). 
The main objective of the present investigation is to simulate numerically the CO2 storage at supercritical 
phase in deep saline aquifers. CO2 in gaseous phase is generally injected through the upper face of a porous 
medium saturated by a fluid phase (typically water). Natural convection flow in porous media, due to thermal 
buoyancy alone, has been widely studied [5, 6] and well-documented in the literature [7-10]. Double 
diffusive natural convection frequently occurs in seawater flow and mantle flow in the earth’s crust, as well 
as in many engineering applications. This type of convection concerns the processes of combined heat and 
mass transfers induced by density variations due to concentration and temperature gradients. 
Unsteady double diffusive natural convection in porous media with application to CO2 storage in deep 
saline aquifer reservoirs has not yet been studied. Such phenomena are usually referred to as thermohaline, 
thermosolutal, double diffusive or combined heat and mass transfer by natural convection. In this case, the 
mass fraction gradient and the temperature gradient are independent. 
 
  
Nomenclature 
A       Aspect ratio, H/L [–] 
H       Height of the enclosure [m] 
L        Width of the enclosure [m] 
c         Dimensionless concentration [–]  
(ρc)f    Heat capacity of fluid 
(ρc)eff  Heat capacity of saturated porous medium 
C0       Concentration [mol/ m3] 
DC      Diffusion coefficient [m²/s] 
g        Acceleration due to gravity [m/s²] 
k        Permeability of the porous medium [m²] 
P        Pressure [Pa] 
t         Time [s] 
u , v   Dimensionless horizontal and vertical  
          components of the velocity  
X        Distance from the left vertical side of the 
          enclosure [m]  
Z        Distance from the bottom of the enclosure  [m] 
x       Dimensionless distance in  the transverse  
          direction  
z       Dimensionless distance in the longitudinal  
         direction  
 
Greek symbols 
 
α     Effective thermal diffusivity of the porous 
        medium [m²/s] 
βT   Coefficient of volumetric expansion with respect 
       to the temperature [K-1] 
βC     Coefficient of volumetric expansion with respect 
         to the concentration [K-1] 
δ       Porosity of the porous medium [–] 
μ       Dynamic viscosity of the fluid [kg/(ms)] 
Q       Kinetic viscosity of the fluid [m2/s] 
ρ       Density of the fluid [kg/m3] 
τ       Dimensionless time [–] 
 
Dimensionless numbers 
Ra S  Solutal Rayleigh number, ܴܽ௦ ൌ ௞௚ఉ಴௅ο஼ೝ೐೑ఔఈ  
Ra T  Thermal Rayleigh number, ்ܴܽ ൌ ௞௚ఉ೅௅ο்ೝ೐೑ఔఈ   
Le     Lewis number, ܮ݁ ൌ ఈ஽಴ 
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2. Physical model 
2.1 Simplified hypotheses 
 The fluid inside the porous medium is in mechanical equilibrium in a gravitational field. The 
concentration and the temperature in the z-direction will be merely a function of the distance from the 
interface, i.e., C= C(z) and T=T(z). Nevertheless, if the concentration and the temperature vary in the 
transverse direction or if the vertical concentration and temperature gradients values exceed certain values, 
mechanical equilibrium is not possible and the fluid inside the porous medium starts to move to return the 
system to equilibrium. We try to formulate the occurrence of such phenomena. 
We consider the problem of unsteady two-dimensional thermosolutal natural convection flow in a 
saturated porous medium confined in a porous enclosure with height H and length L (Fig. 1). The 
permeability of the porous medium is k and its porosity is δ. The porous medium is assumed to be 
impermeable on the left and right sides. Initially, the fluid is at rest and there is no CO2 dissolved in the fluid. 
CO2 is continuously supplied from the top, i.e., CO2 concentration at the top is kept constant. We assume that 
CO2–liquid interface is relatively sharp and fixed. Moreover, we assume a no-flow boundary at the bottom of 
the porous medium. We disregard the presence of a capillary transition zone between the gas and, the liquid 
phase. Hence, we only model the liquid phase and the presence of the gas phase at the top is represented by a 
boundary condition for the liquid phase. The motion of fluid is described by Darcy’s law driven by a density 
gradient. Darcy’s law is combined with the mass conservation laws for the two-components (CO2 and either 
water or oil) to describe the diffusion and natural convection processes in the porous medium. We only 
expect a laminar regime since Rayleigh’s number is low. The density gradient is the source of natural 
convection and therefore, the density cannot be considered constant. However, we use Boussinesq 
approximations which consider density variations only when they contribute directly to the fluid motion. 
Accordingly, the fluid density is given by:
 
ߩሺܶǡ ܲሻ ൌ ߩ଴ሾͳ െ ߚ்ሺܶ െ ଴ܶሻ െ ߚ஼ሺܥ െ ܥ଴ሻሿ                                                                                             (1) 
The fluid becomes denser when we inject the CO2 at the top part of the porous medium. We assume that 
the liquid density changes linearly with the increasing of CO2 concentration as well as with the increasing of 
temperature temperature field.  
Furthermore, the fluid phase is considered as isotropic, Newtonian and the relationship between viscous 
stress tensor and strain rate tensor are equivalent and linear in all space directions. 
 
 
 
             
 
 
 
Fig. 1.Schematic of the medium and coordinates system 
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2.2 Heat and mass transfer equations  
2.2.1Governing equations 
 
Taking into account appropriate length, time, pressure, velocity, temperature and concentration scales, 
conservation equations governing fluid flow and heat and mass transfers inside the porous medium are 
written in a dimensionless form on the basis of the following scales ([11]): 
ܮ௥௘௙ ൌ ܮ; ௥ܸ௘௙ ൌ ఈ௅; ௥ܲ௘௙ ൌ
ఓఈ
௞ ; ݐ௥௘௙ ൌ
௅మ
ఈ  ; ȟ ௥ܶ௘௙ ൌ ଴ܶ െ ௜ܶ ; ȟܥ௥௘௙ ൌ ܥ଴ െ ܥ௜                                                                                          (2) 
and the following dimensionless variables: 
 ሺݔǡ ݖሻ ൌ ൬ ௑௅ೝ೐೑ ǡ
௓
௅ೝ೐೑൰; ሺݑǡ ݒሻ ൌ ൬
௎
௏ೝ೐೑ ǡ
௏
௏ೝ೐೑൰; ߬ ൌ
௧
௧ೝ೐೑ ; ȫ ൌ
௉
௉ೝ೐೑ ; ߠ ൌ
்ି்೔
୼்ೝ೐೑; ܿ ൌ
஼ି஼೔
୼େೝ೐೑                                                                                (3) 
Hence, the unsteady two-dimensional fluid flow and heat and mass transfer equations governing the 
problem under consideration are written in Cartesian coordinates and in a dimensionless form as follows: 
Continuity equation 
డ௨
డ௫ ൅
డ௩
డ௭ ൌ Ͳ                                                                                                                                                   (4) 
 
Darcy’s law 
ݑ ൌ െபஈడ௫                                                                                                                                                           (5a) 
ݒ ൌ െడஈడ௭ ൅ ்ܴܽߠ െ ܴܽௌܿ                                                                                                                               (5b) 
By substituting equations 5(a-b) into equation 4, one can obtain the so-called “Poisson equation for 
pressure” as follows: 
డమஈ
డ௫మ ൅
డమஈ
డ௭మ ൌ ்ܴܽ
డఏ
డ௭ െ ܴܽௌ
డ௖
డ௭                                                                                                                            (6) 
Energy conservation equation 
ߛ డఏడఛ ൅ ݑ
డఏ
డ௫ ൅ ݒ
డఏ
డ௭ ൌ
డమఏ
డ௫మ ൅
డమఏ
డ௭మ                                                                                                                          (7) 
Concentration conservation equation 
ߜ డ௖డఛ ൅ ݑ
డ௖
డ௫ ൅ ݒ
డ௖
డ௭ ൌ
ఋ
௅௘ ቀ
డమ௖
డ௫మ ൅
డమ௖
డ௭మቁ                                                                                                                   (8) 
Where ்ܴܽ ൌ ௞௚ఉ೅௅ο்ೝ೐೑ఔఈ  is the modified thermal Rayleigh number;  ܴܽௌ ൌ
௞௚ఉ಴௅ο஼ೝ೐೑
ఔఈ is the modified solutal 
Rayleigh number; ܮ݁ ൌ ఈ஽಴  is the Lewis number, ߛ ൌ
൫ఘ௖೛൯೐೑೑
൫ఘ௖೛൯೑
 is the heat capacity ratio and ܣ ൌ ு௅  is the 
aspect ratio of the enclosure. 
3. Initial and boundary conditions 
Initially (i. e. at W=0), the medium is at rest and in thermal equilibrium status and no CO2 is present, 
accordingly: 
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ȫሺǡ ǡ Ͳሻ ൌ Ͳ; ሺǡ ǡ Ͳሻ ൌ Ͳ; ߠሺǡ ǡ Ͳሻ ൌ Ͳ                                                                                                                              (9)  
On the top interface situated at z =A, the CO2 is injected at fixed temperature and concentration with a high 
pressure: 
 
ȫሺǡ ǡ ɒሻ ൌ ȫ଴; ሺݔǡ ܣǡ ߬ሻ ൌ ͳ; ߠሺǡ ǡ ɒሻ ൌ ͳ                                                                                                                    (10a) On the left vertical impermeable and insulated interface x =0: 
ሺͲǡ ݖǡ ߬ሻ ൌ Ͳ; డఏడ௫ቁ଴ǡ௭ǡఛ ൌ Ͳ; 
డ௖
డ௫ቁ଴ǡ௭ǡఛ ൌ Ͳ                                                                                                        (10b)  
On the right vertical impermeable and insulated interface x =1: 
ሺͳǡ ݖǡ ߬ሻ ൌ Ͳ; డఏడ௫ቁଵǡ௭ǡఛ ൌ Ͳ; 
డ௖
డ௫ቁଵǡ௭ǡఛ ൌ Ͳ                                                                                                        (10c)  
On the bottom interface situated at z=0, we assume a no-flow boundary conditions. Besides, heat and mass 
transfers rates are quite null leading to the following boundary conditions: 
ሺݔǡ Ͳǡ ߬ሻ ൌ Ͳ; ሺݔǡ Ͳǡ ߬ሻ ൌ ͲǢడఏడ௫ቁ௫ǡ଴ǡఛ ൌ Ͳ; 
డ௖
డ௫ቁ௫ǡ଴ǡఛ ൌ Ͳ                                                                              (10d)  
4. Numerical solution 
A finite volume method, as developed by Patankar [1], was used to solve numerically the governing 
equations system. This method relied the computational domain into different nodes. The partial differential 
equations will be integrated on each node. Power-law scheme was used to discretize the convection-diffusion 
term and implicit scheme was used for the discretisation of the accumulation terms. The obtained discretized 
system was solved using Tri-diagonal Matrix Algorithm (TDMA). Regular mesh size of 81x81 nodes has 
been chosen as a trade off between accuracy, stability and computational time. 
Different time steps have been used depending on thermal and solutal Rayleigh numbers. For (RaT, RaS)<103 
a time step of 10-6 was shown to make faster the convergence of the numerical code while for (RaT, RaS)>103 
the time step is chosen as lower as 10-6. 
5. Results and discussion 
All numerical simulations reported here are carried out with: an aspect ratio, A=1, an average porosity, 
G=0.4, a heat capacity ratio, J=0.42 and for different values of thermal and solutal Rayleigh numbers and 
Lewis number. 
ͳͲଶ ൑ ்ܴܽ ൑ ͳͲସ 
ͳͲଶ ൑ ܴܽௌ ൑ ͳͲସ 
ͳͲିଶ ൑ ܮ݁ ൑ ͳͲଷ 
 
Following Frajzedeh et al. [2], we have plotted for different RaS numbers, the time required to reach 0.1C0 at 
the bottom of the enclosure for the first time. As it can be observed from thos figure, there is a satisfactory 
agreement between our results and those obtained by Frajzadeh et al. [2] in the case when natural convection 
is driven by density variations due to concentration gradients only. It can be concluded that the time required 
by the system to reach 0.1C0 for the first time at the bottom is getting lower as solutal Rayleigh number 
increases. 
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Fig. 2. The time required for the CO2   concentration to reach 0.1C0 at the bottom for the first time for different solutal Rayleigh 
numbers, RaS [2] 
 
(a) τ1=1,5x10-4  (b) τ1=1,5x10-4 
 
 
 
 
 
(c) τ2=3x10-4 (d)  τ2=3x10-4 
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(e) τ3=6x10-4 (f) τ3=6x10-4 
  
(g) τ4=7.5x10-4 (h) τ4=7.5x10-4 
 
 
 
 
 
Fig .3. Concentration profiles for solutal Rayleigh number, RaS=104, and concentration profiles for solutal Rayleigh number RaS=104 
and thermal Rayleigh number RaT=104, at different dimensionless time and for Le=1 and A=1. 
In this section, we have studied the stability behavior by imposing small initial perturbations. This idea is 
comes out following the normal mode method which is an analytical method that investigates the stability of a 
system of equations to infinite small perturbations. It uses the idea that any perturbation can be decomposed 
into its Fourier components. We start with a wavy perturbation on the top of interface,  
ܿሺݔǡ ܣǡ ߬ ൌ Ͳሻ ൌ ͳ ൅ ܣ଴ݏ݅݊ ൬
ʹߨݔ
ߣ ൰ 
Where A0=0.01 and O=1/12.  
In reality fluctuations are caused by thermodynamic fluctuations (see Refs. [12, 13]) and pore level 
perturbations. We ignore instabilities on the pore level (see, however, e.g. Refs. [14, 15]). 
 The normal mode method also uses the concept of fastest growing wavelength as the characteristic wave 
length which will emerge as the result of an arbitrary perturbation. Following this idea, it is asserted that the 
long term behavior does not depend on the initial perturbation and hence, reflects a material or structural 
property. For instance, we observe that after some time the number of fingers is less than the number of 
periods in the initial perturbation. However, when we added the temperature effect, Fig. 3 shows that the 
growth rate of the perturbations is a weak function of the wavelength. Hence, there will be some tenacity of the 
initial behavior and the pattern observed in the figures persists for some time before the number of fingers 
starts to decrease and starts to reflect more intense transverse diffusion. 
To examine more clearly the effect of the controlling parameters such as RaT , RaS and Le, on heat and mass 
transfer rates, we have defined computed the average dimensionless Nusselt and Sherwood numbers for 
different values of Ra T , Ra S and Le. We have plotted the different curves of temperature and concentration at a 
dimensionless time for different values of Ra T, Ra S and Le. 
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         (a)                  (b) 
Fig. 4. (a) Temperature and (b) concentration profiles for different thermal Rayleigh number with: RaS =10², Le=1 and τ=1.8u10-3 
 
 As can be observed from figure 4, thermal and concentration fields are less sensible to thermal Rayleigh 
number, RaT at this chosen dimensionless time, τ. As the problem under consideration is strongly dependant 
on time, we expect than as time goes on, increasing RaT will enhance heat and mass transfer rates. These 
results are not shown here for the sake of brevity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
             
                   (a)                (b) 
Fig. 5. (a) Temperature and (b) concentration profiles for different solutal Rayleigh number with: RaT =10², Le=1 and τ=1.8u10-3 
 
The exam of figure 5, one can conclude that thermal and concentration fields are strongly subordinate on 
solutal Rayleigh number, Ras. Increasing Ras leads to noticeable change in the temperature as well in 
concentration profiles mainly in the vicinity of the top surface from which CO2 is injected. In addition, the 
medium is getting more and more heated as Ras is increased. Besides, the CO2 spreads well into the medium 
when Ras gets higher indicating that the mass diffusion is enhanced. 
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                  (a)        (b) 
Fig. 6. (a) Temperature and (b) concentration profiles for different Lewis number, with RaT= RaS=10² and τ = 8u10-4 
 
As it can be depicted from figure 6, the temperature and the concentration fields inside the porous 
enclosure depend strongly on the Lewis number, Le. It can be concluded, increasing Le results, for a given 
value of the diffusion coefficient Dc, to an increase in the thermal diffusivity, D inducing rapid heat diffusion 
in the medium. However, the opposite trends are observed for the concentration field. This is obvious, since 
for a fixed thermal diffusivity, decreasing Le number means increasing the diffusion coefficient or in other 
words enhancing mass diffusion from the top towards the medium in the longitudinal direction. 
 
Conclusion  
 
In this paper we have studied the problem of unsteady double diffusive natural convection in a porous 
enclosure when the top of the porous enclosure initially saturated with a liquid exposed to a CO2-rich 
gaseous. The porous enclosure walls were assumed to be impermeable. 
We have developed a theoretical model and as well as a numerical code capable to simulate this type of 
problem. Numerical simulations allowed us to determine the spatio-temporal evolutions of various state 
variables. The main results indicate that when the Rayleigh number increases, natural convection intensifies. 
The effect of temperature is very clear and it intensifies the mass diffusion in the field. We can also conclude 
that the diffusion in the transverse direction becomes more intense as the medium gets higher. Furthermore, 
fingering behaviour is more pronounced with the thermal effect than that without this parameter. 
Heat and mass transfer aspects of CO2 sequestration simulation results show that the non-linear behaviour 
of the flow is strongly dependent on the solutal and thermal Rayleigh number as well as on the Lewis 
number.  
References 
[1] S.V. Patankar, Numerical Heat Transfer and Fluid Flow, Hemisphere, New York, 1980. 
[2] Farajzadeh, R.; Salimi, H.; Zitha, P. L. J.; Bruining, J. Numerical simulation of Density-Driven Natural Convection with Application 
for CO2 , Int. J. Heat and Mass transfer (2007).  
[3] R. Farajzadeh, P. L. J. Zitha, and J. Bruining, Enhanced transport phenomena in CO2 sequestration  Ind. Eng. Chem. Res. 2009, 48, 
6423–6431 
 S. Bouzgarrou et al. /  Energy Procedia  36 ( 2013 )  756 – 765 765
 [4] R Farajzadeh, F Farshbaf Zinati, P L J Zitha, J Bruining (2008)  Density-driven Natural Convection in Dual Layered and Anisotropic 
Porous Media with Application for CO2 Injection Projects   In: 11th European Conference on the Mathematics of Oil. 
[5] Mathematics in Oil Recovery (ECMOR X1), Bergen, Norway, 8-11 September 2008. 
[6] C.W. Park, S. Gorell and G.M. Homsy, J. Fluid Mech., 141, (1984) 275. 
[7] Amahmid A., Hasnaoui M., Mamou M., and Vasseur P. On the transition between aiding and opposing double diffusive flows in a 
vertical porous matrix. J. Porous Media 3: 123–137, 2000. 
[8] Beji H., Bennacer R., Duval R., and Vasseur P. Double diffusive natural convection in a vertical porous annulus. Numer. Heat 
Transfer, part A 36: 153–170, 1999. 
[9] Benhadji K. and Vasseur P. Double diffusive convection in a shallow porous cavity filled with no-Newtonian fluid. Int. Commun. 
Heat Mass Transfer 28(6): 763–772, 2001. 
[10] Bennacer R., Beji H., Duval R., and Vasseur P. The Brinkmann model for thermosolutal convection in a vertical annular porous 
layer. Int. Commun. Heat Mass Transfer Vol. 27, Issue 1, pp. 69-80, 2000. 
[11] Slimi K, A two-temperature model for predicting heat and fluid flow by natural convection and radiation within a saturated porous 
vertical channel, Journal of Porous Media 12(1), 43-63 (2009) 
[12] L.D. Landau and E.M. Lifshitz, Statistical Physics: Course of Theoretical Physics, Volume 5, 2en revised English Ed., Pergamon 
Press (1969). 
[13] R. D. Gunn, W. B. Krantz, SPE 6735-PA (1980). 
[14] Y. C. Yortsos, B. Xu and D. Salin, Physical Review Letters, Vol 79, No. 23 (1997). 
[15] M. Parlar, Y. C. Yortsos, SPE 16969 (1987). 
